The coupling of mass spectrometry with ionization techniques like electrospray ionization (ESI) or matrix-assisted matrixassisted laser desorption-ionization (MALDI) offers many advantages over other well-established spectroscopic techniques employed for the investigation of intermediates or short-lived species in condensed-phase. In this review we describe some of the applications of mass spectrometry, in particular of ESI-MS to the detection and characterization of high-valent metal-oxo, -peroxo and -peroxy derivatives, crucial intermediates in the oxyfunctionalization of organic substrates. In addition, by utilizing gas-phase ion-molecule reactions and MS/MS experiments, information on the intrinsic reactivity of the short-lived intermediates may be obtained. The combined use of ESI-MS in association with other spectroscopic techniques and theoretical calculations is discussed as well. # 2006 Wiley Periodicals, Inc., Mass Spec Rev 25: [724][725][726][727][728][729][730][731][732][733][734][735][736][737][738][739][740] 2006 
I. INTRODUCTION
From its introduction in the mid-1980s, largely by Fenn and coworkers (Aleksandrov et al., 1984; Yamashita & Fenn, 1984) , electrospray ionization mass spectrometry (ESI-MS) has been used to investigate a wide range of compounds including proteins, nucleotides, fullerenes, synthetic polymers, inorganic and transition-metal complexes (Fenn et al., 1990; Cole, 1997) . Applications of ESI-MS to inorganic and organometallic chemistry have been discussed in two major and comprehensive reviews (Colton, D'Agostino, & Traeger, 1995; Henderson, Nicholson, & McCaffrey, 1998) , together with others of more limited scope (Traeger & Colton, 1998; Henderson & Evans, 1999; Traeger, 2000; Plattner, 2001 Plattner, , 2003 . Of particular interest are the accounts dealing with the identification and speciation of the short-lived intermediates of important catalytic cycles, formed in solution and transferred into the gas-phase by electrospray ionization. In this frame, ESI-MS is emerging as a diagnostic technique, which provides a powerful alternative to low-temperature NMR spectroscopy (Bonchio et al., 1999) . Analytical applications of ESI-MS to transition-metal chemistry may be broadly divided into two categories: (i) the mass spectrometric characterization of well-defined species originally present in solution and transferred in the gas-phase, and (ii) the identification of transition-metal intermediates playing a crucial role in selected reactions, that is, oxidation, C-H activation, or olefin oligomerization, often in combination with other spectroscopic techniques like NMR, IR, UV-vis, and theoretical calculations (Conte & Bortolini, 2006) .
Central to the field of homogeneous catalysis is the discovery that transition-metal systems are able to mediate organic reactions with high efficiency and selectivity. As far as oxyfunctionalization reactions of organic and inorganic substrates are concerned, these may be selectively achieved, generally in mild conditions with good yields, by means of oxidation reactions carried out by organic peracids (RCO-OOH), hydrogen peroxide H 2 O 2 , and alkyl hydroperoxides (ROOH), although only organic peracids are of synthetic interest because of their much higher reactivity in comparison with that of other peroxidic species. H 2 O 2 and alkyl hydroperoxides are, in fact, quite weak oxidants, so to be synthetically attractive, they need to be activated. The most used catalysts are derivatives of some transition, metal ions, being the species included in the 4-7 groups, that is, Ti, V, Cr, Mo, W, and Re, very active (Conte & Bortolini, 2006) . The accepted mechanistic scheme for metalcatalyzed oxidations with peroxides is sketched in Scheme 1. The features of the active oxidant depend on the nature of the oxygen donor and on its interaction with the metal precursor. In several examples, high-valent peroxometal species have been recognized as competent intermediates.
As far as the structure of the active complexes is concerned, both in the solid state and/or in solution, several pieces of evidence indicate that most of them share a h 2 triangular arrangement of the peroxo moiety around the metal center (Scheme 2). It has to be noted that coordination to the metal center of more than one peroxidic moiety is also possible. O 2
In this review, we will describe some of the applications of mass spectrometry, in particular of ESI-MS to the detection and characterization of high-valent metal-oxo, -peroxo, and -peroxy derivatives, crucial intermediates in the oxyfunctionalization of organic substrates. In addition, by utilizing gas-phase ionmolecule reactions and MS/MS experiments (Busch, Glish, & McLuckey, 1988) including collision-induced dissociations, information on the intrinsic reactivity of the short-lived intermediates may be obtained. The combined use of ESI-MS in association with other spectroscopic techniques and theoretical calculations will be discussed as well.
II. METAL-PEROXO
The case of vanadium peroxo derivatives is very instructive, in fact with this metal, the combined use of ESI-MS and 51 V-NMR, with the additional support of ab initio calculations, has been demonstrated as a powerful tool for obtaining direct information on the structure and the chemistry of the diverse peroxo vanadates formed in solutions upon addition of hydrogen peroxide to appropriate vanadium precursors (Bortolini et al., 1998 (Bortolini et al., , 2003 Conte et al., 2000; Bonchio et al., 2001a) .
Vanadium (V) in aqueous solution is present as different vanadates species depending on pH and reduction potential (Crans et al., 2004) . The ESI-MS analysis of vanadates solutions was conducted in mixed water-alcohol solvent, both in positive- (Bortolini et al., 1998; Walanda et al., 1999) and negative-ion mode (Bonchio et al., 2001b) , thus mimicking acid and basic medium conditions (Cole, 1997 (Bortolini & Conte, 2005) . In the presence of hydrogen peroxide, depending on the ratio V/ peroxide and on pH value, diverse peroxo vanadates are formed in solutions and have been investigated. (Bortolini et al., 1998 (Bortolini et al., , 2003 Conte et al., 2000; Bonchio et al., 2001a,b) . The first equilibrium depicted in Scheme 3 has been carefully analyzed with positive-ion mode mass spectra of acid H 2 O/CH 3 OH solutions containing equimolar amount of vanadium precursor and hydrogen peroxide. Most of the peaks identified in the spectrum (Bortolini & Conte, 2005) 
þ m/z 147. Very interesting is the observation that in the spectrum, there is still the presence of the ionic species at m/z 83, identified as VO 2 þ . This experimental evidence indicates VO 2 þ as precursor for the formation of peroxo derivatives, according to Equation (1) in Scheme 3.
Monoperoxo species with one solvent molecule coordinated to vanadium are the most abundant ions observed. If these ions, upon isolation in the ion trap, are allowed to interact with neutral solvent molecules, that is, water or methanol, in low pressure condition, the reactions observed are: (i) exchange, in the coordination sphere, between water and methanol; (ii) coordination of a second molecule of solvent (Bortolini et al., 1998) , (Scheme 4) .
These findings clearly demonstrate that substitution of water molecules with methanol and vice versa in the coordination SCHEME 1 SCHEME 2.
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sphere of monoperoxo vanadium complexes is a conceivable and detectable process in gas-phase. Its viability in solution has been verified with 51 V NMR spectra (Bortolini et al., 1998) . Such exchange processes between water and methanol have also been studied by ab initio calculations carried out on addition reactions to the ''naked'' ion [OV(O) 2 ] þ of either H 2 O or MeOH molecule (Bortolini et al., 1998) .
Monoperoxo vanadium species have been also invoked as active intermediate in functional mimicking system for vanadium-dependent bromo-peroxidases enzymes (Bortolini & Conte, 2005 and refs cited therein), in particular, in a vanadium-based two-phase procedure for bromination and oxybromination of aromatic and unsaturated organic substrates (Bortolini et al., 2003 and refs cited therein by ESI-MS analysis, using a mixed water-methanol infusion solvent (Bortolini et al., 2003) . The addition of Br À , to the previous mixture, produced major changes into the positive-ion mode mass spectra, which basically consisted of
þ ions. Indeed, formation of new vanadium species containing a single bromine atom was observed. On the basis of isotopic cluster analysis and MS n spectra, the formal structure of those species has been anticipated as indicated below in Scheme 5.
The spectrometric evidence obtained was of fundamental importance for supporting, together with theoretical calculation and experimental studies, the formation of the V-containing bromine equivalent species in the catalytic cycle cited above (Bortolini et al., 2003) .
Monoperoxo derivatives were also analyzed in negative-ion mode. As already indicated above, in ''alkaline medium '' and À species, showed a fragmentation pattern mainly consisting of a 58-Da fragment expulsion, which formally corresponds to the release of C 3 H 6 O, that is, an acetone molecule. Monoperoxo vanadium compounds are in fact known to oxidize primary and secondary alcohols to carbonyl derivatives with the parallel reduction of molecular oxygen to H 2 O 2 (Bonchio et al., 2001b) . In the specific case, ESI-MS spectra directly observe the oxidation of Pr i OH to acetone in agreement with literature reports (Bonchio et al., 2000) .
According to the equilibria reported in Scheme 3, the increase of the concentration of hydrogen peroxide, as well as the increase of pH, causes the formation of diperoxo vanadates. These complexes have thus been studied by using ESI-MS in negativeion detection mode. The spectra obtained show that most of the SCHEME 3. SCHEME 4.
observed peaks can be easily ascribed to V(V) diperoxo compounds containing water and/or alcohol solvent molecules in the coordination sphere [OV(O 2 
À appears to be the most abundant ionic species in agreement with speciation data obtained in solution (Andersson et al., 2000) . When this ion is mass selected and submitted to collision-induced fragmentation (MS À is a favorable process observed both in solution and in gas-phase Andersson et al., 2000; Conte et al., 2000) . Of particular interest, in this context, are the studies carried out by ESI-MS on the coordination of histidine and histidine-like ligands to the diperoxo derivative, (Scheme 7).
Nitrogen-containing ligands bind vanadium peroxo derivatives with a known and facile process. Furthermore, the choice of the ligands indicated in Scheme 7 has been recommended on the basis of the structure of vanadium-containing haloperoxidases enzymes which present histidine residues coordinated to the metal through imidazole N-epsilon aromatic nitrogen (Messerschmidt, Prade, & Wever, 1997) . Coordination of one or two ligands to the metal center has been observed and the corresponding peroxidic species
À species have been characterized. In particular, with MS 2 experiments, specific fragmentations of the peroxidic moiety were distinguished as a function of the nature and the number of the ligands, see Scheme 7. In particular, the vanadium diperoxo compounds containing one heteroligand in the coordination sphere generally release a 32-Da fragment via decomposition of both peroxidic bridges, on the other hand, in the presence of two ligands, expulsion of a 34-Da fragment is observed when a free carboxylic function is present in the framework of the ligand itself. These peculiar fragmentations allowed, inter alia, to obtain further evidence on the occurrence of the protonation of the peroxidic moiety as a crucial step in the activation of vanadium peroxo compounds . This step has biochemical implication in the reactivity of vanadium haloperoxidases enzymes. In fact, by using 17 O-NMR and enriched
17
O-H 2 O 2 , signals ascribable to a hydroperoxidic form of Ascophillum nodosum bromoperoxidase enzyme have been detected (C sny et al., 2000) .
The step-by-step addition of H 2 O 2 (!50 equivalents with respect to V(V)) progressively converts the diperoxo species into the triperoxo derivative, according to Equation (3) , is dominant; however, a progressive overtake performed by the species centered at m/z 147 is observed as the hydrogen peroxide concentration is increased. By analogy with previous studies, carried out using either ethanol or Pr i OH as mobile phases, the system under investigation was studied in both alcoholic solvents showing no significant dependence from the carrier. The peroxidic species were identified on the basis of labeling experiments and MS n SCHEME 5. SCHEME 6.
CHARACTERIZATION OF HIGH-VALENT METAL-OXO, -PEROXO AND -PEROXY INTERMEDIATES &
spectra (Bortolini et al., 1998 Bonchio et al., 2001a) . Among them, the species at m/z 147, identified as the vanadium
À , and that at m/z 115, assigned to
À , are of particular interest. Labeling experiments were used to confirm this attribution. As expected, the replacement of water with H 2 17 O (ca. 50% isotope content) has no effect on the triperoxo anion, whereas formation of new peaks at m/z 116 and 117 is observed next to species at m/z 115. In agreement with literature data (Butler, Claugue, & Meister, 1994) , this evidence indicates a fast exchange of the two oxo oxygens. When the triperoxo derivative is mass selected within the ion-trap analyzer and let to decompose by increasingly higher tickling voltages, the CID decompositions observed are the fragmentations of one and two of the three peroxidic bridges, thus affording the oxo
À m/z 131 and the dioxo mono- À , (Eq. (7) of Scheme 8). The direct decomposition of both peroxidic bridges, formally corresponding to the expulsion of an O 2 molecule, Equations (5) and (7), likely occurs through a two-step mechanism consisting of two subsequent oxygen atom losses. This figure has been demonstrated with experiments at increasing tickling energies. SCHEME 7. SCHEME 8. , according to Scheme 10.
III. METAL-PEROXY
A. Hydroperoxo ESI-MS has been applied to the identification of the intermediate ''activated bleomycin.'' The glycopeptide antibiotic bleomycin (BLM), reported to posses antineoplastic activity presumably related to its ability to bind iron and activate molecular oxygen thus forming ''activated bleomycin,'' has been characterized as a hydroperoxo-Fe III complex (Sam, Tang, & Peisach, 1994 O 2 that demonstrates that this specie contains two oxygen atoms derived from labeled hydrogen peroxide.
ð9Þ
MS/MS spectra obtained both on unlabeled and labeled species showed that the peroxide O-O bond is labile and may be cleaved SCHEME 9. SCHEME 10.
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with loss of OH. When activated bleomycin is produced from Fe II BLM and O 2 , again the peak centered at m/z 751.3 is observed. The peak amplitude is maximal after 10 sec and disappeared after 2 min. Interestingly, when bleomycin is activated with PhIO as oxidant, the production of the expected iron oxene complex O=Fe(V)BLM could not be detected (Sam et al., 1995) . Also monomeric Ru(IV)-oxo species were not observed during the oxidation of Ru II BLM either with O 2 , H 2 O 2 , or PhIO (Mouzopoulou et al., 2001) . A m-oxo Ru IV -BLM dimer is likely formed in these conditions as suggested by many spectroscopic evidences, including ESI-MS.
The Fe atom in BLM is believed to be bonded to five nitrogen atoms and a very simple model of its active site may be obtained by complexation of Fe with N,N,N 0 -Tris(2-pyridylmethyl)-ethane-1,2-diamine ligands L 5 2þ upon reaction with hydrogen peroxide, similar to activated bleomycin, was proposed by Toftlund using EPR spectroscopy (Bernal et al., 1995) 2þ and typified by a purple color. Upon adding a base, either aqueous NaOH or Et 3 N, a blue color appeared, stable for 15 min at room temperature . The ESI-MS spectrum of this solution exhibit a peak at m/z 435 attributed to
, also on the bases of the isotope pattern. The structure suggested for this species by Girerd should contain a peroxo group linked in a h 1 -or, more likely, in a side-on h 2 -mode, (Scheme 2 and Eq. (10)).
ð10Þ
Similar findings were reported also when L 5 has R=CH 2 Py as substituent (Simaan et al., 2000) and by the McKenzie's group using a mononuclear Fe II complex ligated to modified L 5 -like ligands, that is, bztpen (Jensen et al., 1999; Hazell et al., 2002 2þ ionic species produced ions at m/z 247.6, 239.6, and 194.6, assigned as depicted in Scheme 11. MS/MS experiments demonstrated as the ions at m/z 194.6 may be formed through two independent precursors: (i) the Fe-hydroperoxo complex and (ii) the ferryl species. In the latter case, an intramolecular oxo transfer from the ferryl to the dangling benzyl to generate benzaldeyde, via an oxidative cleavage of the bztpen ligand, seems a plausible route.
By contrast, the CID spectrum of the peroxo derivative [Fe(bztpen)(OO)] þ m/z 511.2 does not show any peak assignable to the ferryl species Fe
IV (bztpen)(O). The interesting conclusion reported by the authors assesses that the facile cleavage of the O-O bond in the hydroperoxide complex compared with the peroxo [Fe(bztpen)(OO)]
þ derivative, observed in MS/MS experiments, is in agreement with the higher reactivity showed by the former complex in solution. Based on similar arguments, Fe hydroperoxide species are proposed as precursors of highly oxidizing ferryl intermediates involved in DNA degradation processes catalyzed by bleomycin (Hazell et al., 2002) .
The first experimental evidence that an iron (III) hydroperoxide, active in DNA cleavage, may interact with the DNA chain was obtained by the Nishida group using ESI-MS (Kobayashi et al., 2000) . The mass spectrometric experiments were based on a comparison of the interaction of a DNA chain with Fe III -bleomycin or the binuclear Fe III complex Fe 2 (HPTP) Cl 4 (ClO 4 ). In the latter case, the formation of a signal at m/z 1,430.6 was observed, assigned to the species [(12-mer) , followed by coordination of the oxidant to form a hydroperoxo species, as depicted in Equation (11). Also in this case, an end-on hydroperoxide structure was proposed, capable to undergo acid-base equilibria to afford [Fe
þ species bound in a side-on h 2 -mode, as unequivocally proved by resonance Raman spectroscopy, (Eq. (11)) (Ho et al., 1999) . Protonation of the peroxo species is essential for alkane hydroxylation. SCHEME 11. (Okutsu, Ito, & Nishida, 1999) .
Formation of end-on
Mononuclear non-heme iron complexes have shown to catalyze alkane hydroxylation as well as olefin epoxidation and cis-dihydroxylation using H 2 O 2 as oxidant (Costas et al., 2004 (Fujita, Costas, & Que, 2003) In the oxidations carried out by class A catalysts, the initial Fe III -OOH species is converted to a cis-(HO)Fe V =O oxidant in a water-assisted mechanism and the related details are discussed in section IV. Category B catalysts afford cis-diol products with both oxygen atoms from H 2 O 2 , (Eq. (12)).
Activation of the O-O bond is proposed to occur via an Fe
III -h 2 -OOH that may isomerize to an oxidant with nucleophilic preferences (Fujita, Costas, & Que, 2003) .
B. Alkylperoxo
Titanium trialkanolamine complexes are very active and selective catalysts for enantioselective sulfoxidation reaction (Bonchio et al., 1997 (Bonchio et al., , 1999 (Bonchio et al., , 2003a . The catalyst precursor is formed in situ by interaction of titanium(IV) isopropoxide and enantiopure trialkanolamine ligands. Such tetradentate ligand binds the metal forming a robust titanatrane core, which maintains its structure also in hydroxylic solvents or in the presence of acid. Depending on the relative concentration of metal and ligand, several polynuclear aggregates may be formed in solution. By subsequent addition of t-butyl hydroperoxide, all the pre-catalysts are converted into the mononuclear active species, as indicated in Equation (13). The nature of the active alkyl peroxidic species was elucidated by combination of ESI-MS and conventional low-temperature NMR techniques.
In the absence of TBHP, several species have been identified on the basis of MS/MS analysis and comparison between the theoretical and experimental cluster ion peaks. The overall spectrum shows the presence of several species that can be originated in equilibria involving mononuclear and polynuclear titanium cores (up to three titanium centers) and all the ð11Þ ð12Þ
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oxygen-containing nucleophiles present in solution, water methanol, and trialkanolamine (Bonchio et al., 1997) . Some of these species were also present in the positive-ion ESI mass spectrum, recorded when TBHP is added in acidic CHCl 3 solution, situation which corresponds to catalytic enantioselective sulfoxidation reaction. Furthermore, when excesses of TBHP are added, the protonated peroxy complex 6 is completely identified and characterized (m/z ¼ 326 for R=CH 3 ), (see Scheme 12) (Bonchio et al., 1999) . In particular, the cluster ion peak distribution and the related MS/MS analysis are reliable with the monomeric nature of the alkylperoxo species. The fragmentation pattern observed is consistent with the breaking of the O-Bu
. This latter decomposition is also consistent with the O-O bond scission proposed as key step in the sulfoxidation reaction.
Interestingly, subsequent ESI-MS studies have been used to obtain evidence concerning the coordination of sulfoxides to the active titanium monomeric alkylperoxidic species 6 (Bonchio et al., 2003a) . In the following Equation (14) (Jensen et al., 2005) . In the latter case, clear evidence was provided, including ESI-MS, to support the 
IV. METAL-OXO
Metal-salen complexes 9 (metal ¼ Mn, Cr), introduced by Kochi et al. (1983) as simplified synthetic models of porphyrin analogs and modified by Jacobsen (Zhang et al., 1990) and Katsuki (Irie et al., 1990) through the introduction of a chiral salen catalyst, represented an efficient breakthrough in the epoxidation of nonfunctionalized alkenes with different oxidants at high enantioselectivity.
A variety of alkenes have, thus, been epoxidized with simple oxygen donors such as PhIO, NaClO, H 2 O 2 , Oxone, and an optimal enantioselectivity for a given substrate could be achieved by choosing the proper catalyst and reaction conditions, (Eq. (15)) (McGarrigle & Gilheany, 2005) .
It is generally accepted that Mn-and Cr-salen complexes catalyze the oxidation of organic substrates through formation of a high-valent metal-oxo species (salen)M=O. The salient mechanistic aspects of this epoxidation have been investigated by many authors. In particular and with the help of mass spectrometric techniques, Plattner addressed his studies on two basic points of the mechanism: (i) how is the oxygen transferred to the metal center achieved and (ii) what are the species produced upon oxidation (Plattner, 2003) . By submitting to electrospray in situ mixtures of [Mn 2þ (m/z 549) (Feichtinger & Plattner, 1997; . The collisioninduced fragmentation of this latter dimeric ion gives rise to the decomposition product derivatives of Mn III -and Mn V -oxo, (Eq. (16)). These findings represented the first experimental evidence for the formation (conproportionation) and decomposition (disproportionation) of a m-oxo bridged Mn IV dimer acting as reservoir of the catalytically active species involved in the oxidation reaction (Feichtinger & Plattner, 2001) . 
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The capability of oxo manganese (V) species to transfer oxygen to suitable organic substrates in the gas phase was equally demonstrated by collision experiments. (20)), thus indirectly demonstrating that oxygen transfer to a substrate is taking place.
The effects of various substituents in the 5-and 5 0 -positions of the salen as well as those pertained to the axial ligands have been evaluated in detail. Electron-withdrawing substituents on salen and additional axial ligands decrease the stability thus enhancing the reactivity of the Mn=O moiety Feichtinger & Plattner, 2001) . The role of axial ligation on geometry and reactivity of the high-valent oxo complex appeared quite drastic.
Manganese complexes derived from TMTACN ligands 10 have been found to be highly active catalysts both for low-temperature bleaching and for the epoxidation of alkenes with hydrogen peroxide. These derivatives are particularly active also in the oxidation of azonaphthol dyes and phenols (Gilbert et al., 2004) .
The oxidation of phenolic derivatives with H 2 O 2 catalyzed by [Mn 2 IV (m-O) 3 (TMTACN) 2 ](PF 6 ) 2 10 has been investigated by the use of ESI-MS (Gilbert et al., 1998; Gilbert et al., 2004 O is used, no incorporation was observed. These experiments identified hydrogen peroxide as the source of the oxo-oxygen. On the basis of ESI-MS and EPR data, a catalytic cycle for the oxidation of phenols has been proposed in which the key intermediates were unequivocally characterized by the former technique, (Scheme 15).
In the oxidation of azonaphthol dyes with H 2 O 2 , ESI-MS investigations provide evidence for the formation and reaction of TMTACN-Mn IV (OH) 3 key intermediates (Gilbert et al., 2003) . /H 2 O 2 oxidation system enables the tuning of the catalyst's selectivity toward cis-dihydroxylation and epoxidation (de Boer et al., 2005) . In this case, ESI-MS put in evidence 13 as the immediate precursor of the active species. SCHEME 14.
As discussed in Section III, Que and co-workers (Quiñonero et al., 2005) .
ESI-MS experiments have been proved to be an excellent tool for establishing the molecular composition of the transient species (Kim et al., 1997; Chen et al., 2002 When the ESI-MS spectra are recorded in the presence of styrene, new signals are observed at m/z 482, 500, 516, and 582 in addition to the already described m/z 462 and 478 ionic species. The most intense peak corresponds to a combination of the Fe III -OOH intermediate and styrene (m/z 478 þ 104 ¼ 582) that in principle may be formulated in different ways. The lack of expulsion of styrene, in the corresponding daughter ion mass spectrum, supports a tight combination of the alkene and the peroxide, or more likely the cis-(HO)Fe V =O moiety, as in 14.
With similar arguments, the structures of the remaining ions are proposed as shown in Equation (22) and in structures 15 and 16. Thus, the product diol coordinates to the metal center in the course of a turnover and is presumably displaced by H 2 O 2 to initiate the next round of catalysis. SCHEME 15. P ¼ phenol; P_¼ phenol radical ð21Þ SCHEME 16.
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High-valent iron-oxo intermediates are frequently invoked in the catalytic cycles of mononuclear enzymes that activate O 2 for important biological oxidations. Que and co-workers have characterized a family of synthetic complexes that form Fe IV =O intermediates able to activate even the strong C-H bond in cyclohexane (Rohde et al., 2003 O is used and disappear from the mass spectrum upon reaction with Ph 3 P (Rohde et al., 2003) O 2 ]ClO 4 20 oxidize di-substituted alkynes to 1,2-diketones in good yields, (Eq. (24), Cn=TMTACN). It has long been postulated that this oxidations proceed via a putative cyclic intermediate formally generated by a [3 þ 2] cycloaddition; however, the existence of the cycloadduct was not clearly proved.
ESI-MS was used to prove the occurrence of the postulated cyclic intermediates, observed during the stoichiometric oxida-ð22Þ tion of alkynes with dioxoruthenium complexes (Che et al., 2000) . When 20 is mixed with an excess of bis (trimethylsilyl) 
V. CONCLUSIONS
In this overview, we have collected and discussed some of the most important applications of mass spectrometry, in particular of ESI-MS, to the detection and characterization of reaction intermediates. The existence of several high-valent metal oxo-, -peroxo, and -peroxy derivatives, key intermediates in the oxyfunctionalization of organic substrates, can be probed with this technique, particularly when the more traditional methods are inappropriate. The combined use of ESI-MS in association with other spectroscopic techniques and theoretical calculations demonstrated to be a powerful tool for the detailed understanding of the species involved in solution and their reaction mechanisms. A vast field of possible applications remains unexplored including the analysis of polyoxometalates, a very important class of catalyst that are recently achieving a great deal of attention in oxidation chemistry (Bonchio et al., 2003b; Howarth, Pettersson, & Andersson, 2001) . For this class of aggregate species, the ESI-MS analysis can be in some cases even simpler than the NMR one, as it has been indicated for hexatungstate peroxo derivative (Howarth, Pettersson, & Andersson, 2001 ). In the case of highly charged mono-lacunary Keggin-type polyoxotungstates a-[XW 11 O 39 ] pÀ (X ¼ Si, P; p ¼ 8, 7), ESI-MS analysis provided a straightforward tool for the solution characterization. Double and triple charged quasi-molecular ion peaks were observe and identified on the basis of theoretical simulation of the isotopic cluster distributions and fragmentation modes observed with MS/MS technique (Bonchio et al., 2003b) . 
ABBREVIATIONS AND ACRONYMS

Bipy
